Introduction
It is possible that radioimmunoassay (RIA), developed in 1959 by Barson and Yalow, 1 affords very specific and highly sensitive detection with respect to the utilization of the antigenantibody reaction and the isotope for detection. However, the disposal of the isotope presents a problem in RIA. As a result, a non-isotopic immunoassay, which utilizes an enzyme and a fluorescent material as the marker, has been widely applied as an alternative method. However, several hours are required to complete the immunoassay. This fact originates from the extended period of time necessary for the antigen-antibody reaction and B/F separation in the immunoassay. Therefore, it is necessary to develop an approach in which the reaction time of the immunoassay and B/F separation are sufficiently reduced in order to conduct the immunoassay more quickly.
Capillary electrophoresis (CE) possesses a high separative power; moreover, it is possible to rapidly separate highmolecular-weight and low-molecular-weight substances. 2 Recently, incorporation into the immunoassay has been reported as an application of the separation capability of CE. 3 This approach is thus suitable for rapid separation of labeled antigen combined with the antibody (bound) and labeled antigen of the non-reacting species (free).
Zone electrophoresis is used mainly as a separations technique of CE immunoassay. Additionally, laser fluorescence detection, in which fluorescent materials serve as markers, is employed as a detection methodology. A previously reported approach, the measurement of cyclosporin, theophylline, cortisol, gentamicin, enterotoxin, etc., [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] is conducted.
In this report, CE immunoassay for the rapid, highly sensitive analysis of methotrexate was examined by employing a method involving the combination of a specific antigen-antibody reaction with a CE technique characterized by a high resolving power. The procedures are conducted as follows. Antigen and fluorescentlabeled antigen were introduced to the antibody, followed by mixing. Subsequently, B/F separation and detection were effected simultaneously with CE. This technique afforded a reduction of the sample and a quantitative reduction of the reaction capacity; furthermore, rapid B/F separation was possible, while sensitization and a shortened reaction time were observed. In addition, CE permits the separation of several kinds of fluorescent labeling antigens due to its high resolving power. This property enables a simultaneous multi-component analysis of the immunoassay. The possibility of simultaneous analysis of methotrexate and vancomycin was also documented in the present investigation.
Experimental

Materials
FITC-labeled methotrexate (fluorescein methotrexate) and the anti-methotrexate antibody were purchased from Molecular Probes Biogenesis Ltd. (Oregon, USA). Methotrexate was obtained from Wyeth Lederie Company (Tokyo, Japan). The following materials were purchased from Abbott Laboratories (IL, USA): FITC-vancomycin, labeled vancomycin antibody and vancomycin. Fluorescein sodium (uranin), which served as an internal standard, was obtained from Wako Pure Chemical Industries Co., Ltd. (Osaka, Japan). Tricine ((N-tris(hydroxymethyl)methyl)glycine), which was used as the CE buffer, was acquired from Wako Pure Chemical Industries Co., Ltd. (Osaka, Japan). Phosphate buffer saline (0.1 M, pH 7.4, PBS phosphate buffer) was employed as a dilution buffer for the samples, antibodies and labeled antigens.
Apparatus
A Model P/ACE 5010 CE system equipped with a Laser Module 488 (Beckman, Fullerton, CA, USA) was utilized. The excitation wavelength at 488 nm was generated by an argon-ion Immunoassay is widely employed as a highly sensitive, specific analytical method for hormones and drugs in biological samples. A technique utilizing capillary electrophoresis with laser-induced fluorescence detection was examined based on the reaction process of these immunoassays in order to develop a protocol characterized by high sensitivity and high speed. The conditions of the antigen-antibody reaction and capillary electrophoresis were variously examined using fluorescein-labeled methotrexate and the antibody of methotrexate. As a result, the immunoassay could be completed within a few minutes. Moreover, detection in the pg range could be accomplished. The sensitivity corresponded to that of radioimmunoassay. A simultaneous multi-component analysis of the immunoassay is also possible due to the high resolving power of capillary electrophoresis. In this study, the possibility of a simultaneous analysis of methotrexate and vancomycin was also investigated. 
Capillary electrophoresis immunoassay
A 15-µl aliquot of methotrexate antibody solution was diluted 150 times with PBS; subsequently, 2 µl of a sample solution (methotrexate) was added to a 0.5-ml reaction vessel and mixed. Following mixing of 15 µl of the fluorescent-labeled methotrexate solution diluted 2 × 10 4 times with PBS, the solution was measured via CE. The reaction mixture was injected immediately into the capillary by pressure (0.5 psi) applied for 10 s. The electrophoresis voltage was set at 10 kV or 15 kV and the running temperature was 30˚C. The capillary was washed prior to the separation for 90 s in 0.2 M Tricine buffer; additionally, cleaning continued after the separation for 60 s in distilled water and 0.2 M sodium hydroxide. An internal standard (2 × 10 -8 M fluorescein sodium, 1 µl), which was added following mixing of the labeled methotrexate solution, was utilized to derive the standard curve.
Results and Discussion
Recently, immunoassays employing a luminescent material, a fluorescent material and enzymatic functions as markers have been widely applied as methods capable of replacing RIA. A heterogeneous immunoassay, in which B/F separation is required, remains a major procedure in these immunoassays. Techniques such as immobilized antibody antigen and second antibody are utilized for B/F separation; therefore, several problems exist with respect to the time and complexity of operation. It is possible that capillary electrophoresis readily separates polymer and materials exhibiting low molecular weight due to its high resolution power. Capillary zone electrophoresis, in which electro-osmotic flow is employed for the separation of B/F in the immunoassay system, is utilized. Additionally, detection has been accomplished with a laser fluorescence detector in order to obtain high sensitivity. In the present study, the following conditions were determined with respect to the immunoassay and the electrophoresis conditions.
Determination of the labeled antigen concentration
The labeled antigen was diluted with PBS; subsequently, the optimum condition was determined. An antibody diluted 200 times was utilized in order to evaluate the labeled antigen concentration (dilutions: 1 × 10 4 times, 2 × 10 4 times, 4 × 10 4 times and 8 × 10 4 times). In this experiment, the electrophoresis voltage was set at 10 kV. The result is presented in Fig. 1 . The vertical line depicts the relative fluorescence intensity. Consequently, the free peak, which was large, was distinguishable from the bound peak at 1 × 10 4 times dilution. At 2 × 10 4 times dilution, the free peak reversed and substantially decreased. Under dilution conditions of 4 × 10 4 times and 8 × 10 4 times, the bound peak also markedly decreased. Based on the preceding results, labeled antigens at 1 × 10 4 and 2 × 10 4 times dilution displayed the optimum free peak height. Therefore, subsequent experiments were conducted under dilution conditions of 1 × 10 4 or 2 × 10 4 times.
Determination of the antibody concentration
Employing labeled antigen at 1 × 10 4 times dilution, an examination was conducted involving antibody concentrations of 100 times, 200 times, 400 times and 800 times. The result is presented in Fig. 2 . At 100-times dilution, the bound peak was higher than the free peak; moreover, at 200-times dilution, the free peak exceeded the bound one. Furthermore, at 400-times and 800-times dilution, the bound peak receded. The bound peak decreased as the degree of antibody dilution increased. The optimum concentration of the antibody was between 100 and 200 times; 150 times was used in a following experiment.
Running voltage for separation
Low running voltage. The separation effect of a low running voltage (from 2.5 kV to 15 kV) was examined. Initially, an antibody at 100-times dilution and a labeled antigen at 2 × 10 4 times dilution were used. The results for running voltages from 2.5 kV to 15 kV are shown in Fig. 3 . The fluorescent intensity of the bound and free peaks was nearly identical from 2.5 kV to 10 kV. Under the 15-kV condition, the bound peak decreased. At 2.5 kV, the migration time for detecting the free peak was approximately 20 min. The detection time was reduced when the voltage increased; at 10 kV, detection was possible within 5 min, whereas at 15 kV, analysis was possible in approximately 3 min. High running voltage. Under the 15-kV condition, the bound peak was diminished.
Based on this observation, an examination was conducted under conditions involving high voltage in order to confirm whether the finding was voltagedependent. In this case, the experiment was performed beginning with a 15-kV running voltage, which was increased to 25 kV, and the antibody concentration was diluted by 10 times. In this experiment, 2 × 10 4 times dilution of labeled antigen was used. The results obtained from running voltages of 15 kV to 25 kV are presented in Fig. 4 . Consequently, when the antibody concentration was high (10 times dilution) at 15 kV, all of the labeled antigen generated the bound peak; at 20 kV, both bound and free peaks were detected. In addition, the bound peak disappeared when the voltage was increased to 25 kV; all of the labeled antigen produced the free peak. These peaks were identified based on the spike associated with the labeled antigen.
It was proven that the effect of the voltage on the conditions of this antigen-antibody reaction was of utmost importance, particularly when the previously described antigen- transfer direction of the bound species due to the negative charge of fluorescein-labeled methotrexate, which was employed as a labeled antigen. That is, for the antibody that migrates in the electro-osmotic flow, fluorescein-labeled methotrexate, which exhibits a negative electric charge, migrated to the electrode in the reverse direction; moreover, the species appeared to dissociate as a result. The chemical structure of fluorescein-labeled methotrexate is illustrated in Fig. 5 . In this experiment, an antibody dilution of 150 times was utilized and a voltage of 10 kV or 15 kV was determined to be optimum. Based on these findings, it appears that the electric charge and antibody affinity of the labeled antigen greatly affect the dissociation of the peak with respect to the voltage.
Effect of the pH of the running buffer on B/F separation
Tricine buffers ranging from pH 7 to 11 were prepared to determine the effect of the pH on the B/F separation. The effect of the running buffer pH on the separation was examined. The antibody and labeled antigen diluted 150 times and 2 × 10 4 times, respectively, were utilized to determine the effect on the separation. The reaction solution was separated with a prepared buffer solution. A confirmation regarding a slight extension of the analysis time was obtained with increasing pH. The result is presented in Fig. 6 . The migration time between the free and internal standard peaks was constant under these conditions; consequently, the optimum pH of the running buffer was 8.0.
Effect of the reaction time on the immunoassay
Methotrexate was introduced to anti-methotrexate antibody at 150-times dilution; subsequently, a labeled methotrexate solution at 2 × 10 4 times dilution was added, followed by a reaction. Electropherograms were obtained following various reactions of 0, 10, 30 and 60 min. The results are shown in Fig.  7 . The antigen-antibody reaction was completed very rapidly based on the electropherogram; moreover, the findings confirmed that the reaction progress was not influenced during the reaction. Therefore, the immunoassay can be measured immediately after the antibody, antigen and labeled antigen are mixed.
Standard curve
The standard curve was obtained according to a method described for the capillary electrophoresis immunoassay. The antibody and antigen dilutions were 150 times and 2 × 10 4 times, respectively; additionally, the amount of antigen ranged from 5 pg to 250 pg. The bound peak height was utilized for the calibration of B/B0%. The results of the standard curves are presented in Fig. 8 . The measurement range was also 5 -250 pg; additionally, the minimum detectable sensitivity of this method was 5 pg. A major difference in both methods was related to the analysis time. At 10 kV, detection of the free peak occurred at 4 min. At 15 kV, the detection time was markedly reduced (approximately 150 s). Reproducibility Reproducibility (n = 7) at 10 kV and 15 kV is presented in Table 1 . The value of CV% at 10 kV was 0.29 -0.84 in terms of the migration time; CV% was 4.3 -9.2 at the peak height. CV% at 15 kV was 0.3 -0.58 in terms of the migration time and 10.0 -11.4 at the peak height. This method will be sufficiently adaptable for measurements of clinical samples using blood.
Simultaneous immunoassay
The potential of a simultaneous measurement methodology was examined employing two kinds of drugs as an application of this experiment.
Methotrexate and vancomycin immunoassay was evaluated with two kinds of antibodies and two kinds of labeled antigen. The electropherogram of the simultaneous assay of methotrexate and vancomycin is displayed in Fig. 9 .
Free peaks of methotrexate and vancomycin demonstrated different migration times. The bound peak of methotrexate revealed a migration time distinct from that of each free peak. The bound peak of vancomycin appeared in the position of the bound peak of methotrexate upon the addition of the vancomycin antibody. Therefore, the simultaneous assay of drugs, if the free species is measured, is possible for the migration time of the free species, since both are distinct; however, both distinctions are not possible in the bound form.
Conclusion
This method can measure the levels of methotrexate between 5 -250 pg. The sensitivity of this technique was equal to the sensitivity of the conventional immunoassay. It was possible to complete the immunoassay, including the B/F separation, in a few minutes. In addition, it is possible to separate the labeled antigen of the multicomponent for CE due to the high separative power. In this study, it was possible to separate the labeled methotrexate and the labeled vancomycin with Rs of 12.8 when vancomycin was examined. As a result, it appears possible that this method permits the simultaneous analysis of two kinds of immunoassays; furthermore, this approach appears to be a useful for the TDM analysis of many items. Further studies on a measurement of the methotrexate level in blood and on the development of a simultaneous immunoassay are in progress in our group. ANALYTICAL SCIENCES JANUARY 2003, VOL. 19 
